The use of handheld computers in educational contexts has increased considerably in recent years and their value as a teaching tool has been confirmed by many positive experiences, particular within collaborative learning systems (Mobile Computer Supported Collaborative Learning [MCSCL]). The cost of the devices has hindered widespread use in schools, however, and cell phones have emerged as an attractive alternative. To test their functionality as a platform for collaborative educational activities, the authors adapted an existing Personal Digital Assistant (PDA) application for use on cell phones equipped with Wi-Fi. This article examines the problems of developing applications for this alternative technology and reports on a usability analysis of a collaborative classroom activity for teaching physics. The results confirm the viability of the cell phone platform, taking due account of the device's processing, network and interface limitations. With an appropriate design, users quickly master the technology, though a certain decline in efficiency relative to PDAs is observed.
Introduction
The rapid proliferation of mobile phones among students is generating a novel platform for the development of technology-supported learning experiences. Many projects have already exploited this potential to develop ubiquitous educational activities in which the role of the mobile phone is to provide content and feedback to the students whenever and wherever they need them. Some of these activities allow learners to use their phones to access course content (Kramer & Strohlein, 2006) , augment real content with additional information (Chen & Chao, 2008) , and acquire specific information related to their performance (Chen et al., 2008) . Other activities not only provide content but also encourage discussion and sharing between students and teachers (Anderson et al., 2008; Milrad & Spikol 2007; Motiwalla, 2007) . In addition to such ubiquitous learning experiences, mobile phones have also been used to support class work, especially outdoor activities where they can complement information on a field trip (Ohashi et al., 2008) or support mobile interactive activities and games (Cruz-Flores & Lopez-Morteo, 2008; Spikol & Milrad, 2008) . Less work, however, has been done on the use of these devices as a tool for indoor *Corresponding author. Email: aaecheve@uc.cl classroom activities, where they have the potential to support distributed practice and encourage interactivity (Meurant, 2006) . Most of the mobile-phone-based classroom activities developed thus far has focused on communication between the teacher and his/her students, enabling delivery of class content (Griswold & Simon, 2006) and regulation of class discussion (Nakai & Nagaoka, 2007) . In some cases, the teacher can project messages and develop an interactive loop with students during the class (Markett, Sa´nchez, Arnedillo, Weber, & Tangney, 2006) , or extend the communication with visual media so as to reduce the students' cognitive load (Lindquist et al., 2007) . Yet, despite the fact that mobile phones have always functioned primarily as a communication device, student communication and collaboration have played a surprisingly small role in mobile learning projects (Frohberg, Go¨th, & Schwabe, 2009) .
In recent years, other types of handhelds have been used for classroom-based learning in activities where student interaction and collaboration are the key elements. In particular, much research has been done on the development of computer-supported collaborative learning (CSCL) activities with mobile devices such as Personal Digital Assistant (PDA)s (Zurita & Nussbaum, 2004b) . In these activities, a constructive approach is employed in which the devices are seen more as a partner than a tutor (Zurita & Nussbaum, 2007) , facilitating the development of social and communication skills while teaching a set curricula. These learning models can be considered as a training method that permits the exchange, control and building of knowledge among peers (Ai'meur, Frasson, & Lalonde, 2001) . Students working in groups form a social network in which they interact in person, supported by a technological network constituted by the handhelds that coordinates and synchronizes activity states, mediating the activities and the social interaction (Zurita & Nussbaum, 2004a) . Social presence through synchronous instant messaging provides learners with continuous awareness of available support and encourages sharing of learning experiences (Kekwaletswe & Ngambi, 2006) .
A natural extension of this research is the replacement of PDAs with mobile phones, taking advantage of these devices' lower cost and broad reach. However, certain limitations of current cell phones and the requirements of collaborative learning activities must be taken into consideration. To achieve a face-to-face CSCL environment, the network must be comprised of wirelessly interconnected devices (Zurita & Nussbaum, 2004b) . Mobile phone learning relies at present on email, Short Messaging Service (SMS) and Multimedia Messaging Service (MMS) as its main methods of communication, but these are inadequate for learning situations where oral communication between students, a key element in CSCL activities, is encouraged (Schwabe & Goth, 2005) . Furthermore, when learning applications are SMS-based, or even Web-based, and thus use the telephone company as the network hub, communication between devices may be restricted because of the cost of the service plan. An alternative solution for creating a wireless network with mobile phones that supports collaborative learning would be to use Bluetooth or Wi-Fi. Bluetooth is a technology found on many cell phones, but has certain limitations in terms of range and number of simultaneously connected devices (Ferro & Potorti, 2005 ) that hinders its use in the classroom. Wi-Fi, on the other hand, does have reasonable range capabilities and can support various work groups in a classroom environment (Zurita & Nussbaum, 2004a) . Its disadvantage is that it is enabled only in the most advanced models. This drawback will presumably disappear in the medium term as growing demand for cell phones with broadband Internet connections leads to widespread ownership of Wi-Fi enabled units (Keshav, 2005) . The devices will then provide a platform that qualifies as an economic replacement for those currently used in classroom educational activities.
Because of their size, however, mobile phones have other inherent limitations in learning contexts. Their small, low-resolution screens restrict the amount and type of information that can be returned to the user, and constraints on their input mechanisms result in a slow and inconvenient transfer of information from user to device (Shudong & Higgins, 2005) .
In this article, we study the use of cell phones in the classroom as a support for collaborative work. A network was created for the purpose of using i-mate SP5 Smartphone devices. In addition to a small screen without touchscreen capability, they have a number pad and action buttons and were enabled for Wi-Fi. An existing collaborative classroom activity application designed for use with PDAs (Cortez, Nussbaum, Rodrı´guez, Lo´pez, & Rosas, 2005; Nussbaum et al., in press ) was ported to the phones and an established framework was adapted to provide network and group management services (Echeverrı´a, Santelices, & Nussbaum, 2006) . Our intention is to validate mobile phones as a suitable alternative to PDAs in the development of classroom CSCL activities and elucidate the principal differences between the two technologies as regards hardware, software, and usability.
The remainder of this work is organized as follows. Section 2 introduces the activity implemented on the cell phone network, with emphasis on its derivation from the existing PDA activity that was modified to be usable with the SP5's. Section 3 describes the framework used for developing educational activity applications on the devices, and also details the changes that were necessary to adapt it from the original version. Section 4 presents a usability analysis of the new application, and finally, Section 5 sets out our conclusions.
The collaborative activity
The collaborative activity we employ here is based on an existing one that was developed for use with PDAs (Cortez et al., 2005; Nussbaum et al., in press ). In the PDA version, students equipped with individual devices are randomly organized into groups of three and required to answer a series of multiple-choice questions sent by the teacher's unit at the start of the activity session. The activity is designed so that all group members participate in discussing the questions as they search for agreement on the answers. If the members originally submit different individual responses, the system will inform them that they must come to a consensus before sending in a single final response. If they answer incorrectly the system instructs them to try again, but with the wrong choice now eliminated. Once the group settles on the right answer and submits it, the system will allow them to proceed to the next question. In the meantime, the teacher continually receives information on the state of progress of the different groups and can observe which ones are having difficulties and which questions the students are struggling with.
In porting this PDA-based activity to cell phones, consideration had to be given to the devices' input and output limitations, briefly noted above. While PDAs have a touchscreen that supports point-and-click interaction at any location on the screen using a stylus, interaction with cell phones takes place through a keyboard, action buttons, and a four-way joystick. Thus, a response in this collaborative activity cannot be chosen simply by pointing to it, meaning that some alternative mechanism must be designed. As for output, the PDAs use QVGA (320 6 240 pixels), which is big enough to show both a question and the various response options on a single screen, with a scrollbar where required ( Figure 1a ). This is not possible in the cell phones, which use the significantly smaller QQVGA (160 6 120 pixels), so the display model shown in Figure 1b had to be adopted. In this system, the first screen displays only the question and the response options must then be accessed using the left and right joystick buttons. Pressing these buttons cycles the display one by one through the individual response screens, and when the last option is arrived at, continuing in the same direction returns the display to the original question. Once a student has decided on an answer, he/she must access that screen and press the predetermined action button. This arrangement effectively solves the two problems described earlier. By separating the question and the response options into different screens, the display space for any single item is enlarged, and by displaying only one answer per screen, a response can be chosen simply by pressing a button.
Framework

General description
The framework we employed for developing a cell phone activity is a pre-existing program known as Activity Framework (AF) (Echeverrı´a et al., 2006) that was itself developed in C# on the .NET Compact Framework for use with Pocket PCs. The advantage of AF was that it had already been used to build mobile device activities similar to the one proposed here. Its architecture was thus known to suit the needs of the present application and provide the required network services. Furthermore, as it was developed on the .NET platform, porting it for use with Smartphones involved only minor modifications, unlike the changes that would have been necessary with frameworks highly coupled to a specific platform.
AF framework is based on a module architecture that lends extensibility both to the services it provides and the activities developed in it. The interface of the activities must be developed as well as their internal logic, and the framework's various functions can be utilized to carry out generic operations. The main service provided by the framework is wireless network communication, which permits the activities to send and receive information among the various devices.
Initial testing of AF with the Smartphones revealed a series of communication problems stemming from the hardware limitations of the SP5's. For the most part, the difficulties were related to the high latency and elevated loss rate for messages sent between the devices that prevented the proper functioning of the application. Furthermore, as for each class the activity must be able to send new content, it was found necessary to add new capabilities to the network component, in particular the ability to send files simultaneously to multiple devices.
Development of network module
A new network module was developed for providing communication services adapted to the SP5's hardware limitations and the requirements of the activity. The module was implemented in a way that ensured the least amount of coupling with the rest of the framework so that it could be re-used in future projects not employing AF. The resulting network architecture is shown in Figure 2 , with the functionalities of each component detailed in Table 1 .
To sidestep the latency and message loss problems, a network protocol was developed containing two subprotocols. The first one is an implementation that uses TCP as a transport protocol. The advantage of TCP is that it provides certainty as to whether a message has arrived at its destination completely or with a certain degree of loss (partial or total). The subprotocol makes three retries, and if all three fail the system switches to a second subprotocol, an implementation of UDP in which the originating device repeatedly sends the message until delivery confirmation is received from the destination device. Each time the recipient receives a message, it must send a delivery confirmation. If the recipient receives the same message more than once it discards the repeats, notifying the higher layers only of the first arrival. If, after a certain preset time, the sender receives no delivery confirmation, it stops sending and notifies the application that the message could not be delivered.
The TCP-based subprotocol provides reliability of message delivery at a reasonable send speed but imposes a high processing cost on the devices using it, which in the present case means a greater chance of information loss. To ameliorate this, the retry technique and the secondary (UDP) subprotocol were incorporated. Although the latter's message send time is longer than with TCP, it imposes lower processing costs. If the cell phones are not able to process the TCP messages, they can therefore resort to the UDP alternative. Our experiments demonstrated that using the second protocol reduced message loss.
A protocol for sending files simultaneously to multiple devices was also developed. This protocol partitions the original file into UDP packets and sends them via network broadcast. If any of the packets do not arrive at an intended recipient, a message is sent requesting that they be resent. If the sender has already completed the sending process, it resends the requested packets plus all the following ones. The protocol also offers the option of compressing multiple files before sending them.
The various network messages were designed to keep their size to a minimum and function well with the protocols and services implemented. To facilitate the optimal provision of the network module's various services, each message contains certain meta-information. This includes the identification of the message type (see Table 2 ), which the recipient must know for deciding what action to take; the type of parameter sent, which allows the recipient to decode messages using the appropriate system; and, in the case of UDP messages, a parity bit to check their integrity upon reception. If a parity error is found, the message is not processed.
Because the network developed for the cell phones is designed to operate in infrastructure mode, various services were added to provide information on the network adapter and the available access points in the environment. Centralizes and unifies the network services provided by the other components. Implements high-level services. NetworkAdapter
Manages the relevant information from the Wi-Fi network adapter (IP, subnetwork mask). Permits connection to a given access point.
NetworkMessenger
Implements unicast send protocols, both reliable (using TCPSocket) and unreliable (using UDPSocket). Implements unreliable broadcast send protocols (using UDPSocket). Manages message reception threads. FileTransferer Implements protocol for sending files simultaneously to multiple devices (using UDPSocket). Permits sending of multiple files with prior compression (using FileCompressor).
MessageCodification
Responsible for coding and decoding network messages (represented by Message class). Enables differentiated coding by type of sent parameter data (represented by Params class).
Functionalities and notifications were included in the activity to manage network communication problems that occur more frequently with cell phones than Pocket PCs given the former's hardware limitations. For example, if the network module is not able to send a certain message, it notifies the activity so that the latter will permit the user to retry. Also, the teacher's application incorporates functionality allowing it to 'free' a group that is blocked from advancing because a message from the teacher did not arrive. This ensures students can continue with the activity even if a message is lost.
Usability analysis 4.1. Experimental design
A usability analysis was conducted to determine the effects of the cell phones' hardware limitations on the collaborative activity. The analysis was carried out over six activity sessions with ninth-grade students (approximately 14 years old) at a public secondary school serving children from the lower socio-economic strata in Santiago, Chile (see photo, Figure 3 ). The activity chosen for these test sessions was designed for teaching physics.
The analysis is based on measurements of four attributes typically associated with system usability: learnability, efficiency, memorability, and satisfaction Message indicating that a file will be sent so that recipients can initiate the necessary reception functionalities. Figure 3 . Students taking part in the collaborative activity. (Nielsen, 1993) . Different observation forms were defined incorporating relevant metrics for establishing how well the system performed on each attribute. Before the test sessions began, a survey was taken of the students to determine their familiarity with the technology. The results indicated that 73.53% of them used a cell phone at least a few times a week and none had never used one. As for computers, 81.82% used them at least a few times a week and only a single student had never used one.
To measure learnability the corresponding observation form was used to record, for each activity question, the time taken by the group to answer it, the score they obtained and the number of queries group members addressed to each other or the teacher on the use of the system. The data on these metrics were collected during the first test session. For memorability, the second attribute, the same observation form was used but the measurements were taken during the second session, held a week after the first one. This meant that if the time taken to answer and the number of system queries was lower than the first session results, the students could be considered to have remembered satisfactorily how the system functioned.
Efficiency, the third analysis attribute, was measured by comparing the students' performance with cell phones to that achieved when using PDAs for the same activity. For this purpose, the class was divided into groups that used either cell phones or PDAs, switching the technologies every two sessions to avoid bias in the experimental and control groups. The first of two metrics employed was the percentage of all the questions in an activity each group managed to answer, whether correctly or not. The idea was to determine whether the cell phones slowed the pace of the activity. The second metric was the percentage of all the questions answered for which a correct response was given, the point in this case being to establish whether the use of cell phones affected performance.
Finally, to evaluate the satisfaction attribute the researchers conducting the test sessions made various observations based on qualitative criteria to gauge how comfortable the students were with the activity and the use of cell phones for performing it. Video recordings were also made of a specific group and the entire class for later analysis. A survey was taken at the end of the final session to ascertain the students' opinions of the functioning of the activity.
Results
The results garnered from the learning and memorability attribute measurements are displayed in Table 3 . At the first session, it was observed that only on the first two questions there was any confusion among the students regarding how to use the system, with relatively longer times taken to answer the questions and more system queries. Beginning with the third question, response times stabilized around an average of 1 min per question and no further queries on system use were made. This tendency continued through the second session as the students demonstrated they had no difficulties remembering how the system worked.
In the case of the efficiency attribute, the data are summarized in Tables 4 and 5 for the six sessions of activity measurements with groups using both PDAs and cell phones. Table 4 shows the percentages of questions answered in each session. As can be seen, in all but the last session the students who utilized PDAs responded to at least as many questions as those with cell phones. Also, whereas the PDA group answered 470% of the activity questions in all six sessions, the cell phone group did so in only three sessions, all of which involved shorter activities and thus allowed more time to complete them. Table 5 contains the data on the percentage of questions for which correct answers were given. They indicate that in every session, except the first and third, the performance differences between PDAs and cell phones were less than three percentage points. The averages for the six sessions also did not differ significantly.
As regards the satisfaction attribute, which was measured for cell phone use, the results of the survey taken after the final session are set out in Table 6 . The students' responses were ranked on a 5-level scale that ranged from Strongly Agree (þþ) to Strongly Disagree (77).
These results show that 81.82% agreed with the statement that the system was enjoyable to use. Furthermore, 67.65% felt that interacting with the cell phone was not frustrating and 69.69% disagreed with the view that interacting with the cell phone required a lot of mental effort.
Finally, the main observation made by the researchers over the course of the testing was that in certain sessions, momentary problems arose when students pressed cell phones buttons that were not assigned for the activity, setting off actions in the devices that interfered with the process. This occurred only in a minority of groups, but their members were very frustrated by it and communicated this sentiment in their survey responses, agreeing with the statements that 'I felt frustrated when I was unable to execute the action I wanted' and 'interacting with the cell phone was frustrating'. Some of these students felt the problem was their own fault, leaving them feeling very insecure.
Conclusions and future research
This study demonstrated that cell phones can be used for supporting collaborative work in the classroom. If enabled for Wi-Fi they form a classroom network that is free of cost, a genuine advantage when compared with the very real cost of maintaining a network based on SMS messages or the per-device subscription fees for a GPRS or other similar network setup. It was also found that although Wi-Fi networks can be formed by a large number of cell phones, these devices have certain hardware restrictions that must be taken into account. In particular, their processing limitations must be considered in the design of collaborative activities, for if an activity application is not sufficiently responsive its users will quickly lose interest. The communication protocols must keep network load to a minimum, and functionalities that allow the activity to recover after message loss are needed. In cases where one of the users (a teacher, for example) has to handle greater message loads, his/her device must be a higher capacity unit. In the cell phone application described in this study, the teacher used an i-mate JAMin PDA. A usability analysis of this application, developed for a collaborative classroom activity, led to a number of significant conclusions. The results obtained during the first test session showed that the system was easy to learn, as indicated by the fact that after only two activity questions, virtually all of the participating students understood how the application worked. The ability to remember how it functions was demonstrated by the results of the second session, which revealed no difference in response times between the first and last activity questions nor any remaining doubts among the students about the use of the system. As regards satisfaction with the application, two observations in particular are worth noting. First, the use of the cell phones comes naturally to the students, as was evident in the way they found the devices both simple and enjoyable to use. Thanks to their familiarity with the technology, the cell phones' interface limitations compared to PDAs caused them no difficulties. Second, although the activity assigned only a few of the devices' many buttons, the unused ones were sometimes pressed by students in the early sessions, either by accident or out of curiosity. In a number of cases, this set off actions in the units that interrupted the activity and frustrated the participants, and in the later sessions the unused buttons were blocked. This is an issue that must therefore be considered when implementing educational activities on cell phones.
To measure the cell phones' functionality against that of PDAs, the activity was conducted using both technologies and the results compared. The cell phones were clearly less efficient, for two principal reasons. The first reason was that the response options for the multiple-choice questions had to be viewed on these devices one by one, whereas on the PDAs they could be displayed on a single screen together with the original question. This meant that accessing the full range of information needed for answering on the cell phones was not as fast. The second reason was that the cell phones' processing limitations made transitions between questions slower than on the PDAs, adding to the time taken by the response process. Despite these disadvantages, however, no significant differences were found over the six test sessions between student performance levels on the two types of devices, with groups using either technology getting the same number of correct answers. This demonstrates that for the type of activity in question, cell phones do not have a negative impact on performance.
Finally, the work reported here represents only a first step in promoting the widespread use of cell phones as an educational platform. To validate their usefulness, more activities will have to be designed that test their behavior with other types of applications and users, such as children of different ages. The efficiency limitations of the technology must also be taken into account in these designs to reduce the observed usability differences between cell phones and PDAs. 
